Multiple myeloma is a neoplastic plasma cell disorder that is characterized by clonal proliferation of plasma cells in the bone marrow, monoclonal protein in the blood and/or urine, and associated organ dysfunction and biomarkers. There have been multiple recent advances in the relapsed and refractory setting. Major steps forward include the introduction of proteasome inhibitors (bortezomib and carfilzomib) and immunomodulatory drugs (thalidomide, lenalidomide, and pomalidomide) in various combinations. These drugs have changed the management of multiple myeloma and have extended overall survival in the past decade. Established curative therapy is not yet available for patients diagnosed with multiple myeloma, supporting the development of new treatment targets. Histone deacetylase inhibitors have multiple proposed mechanisms of action in the treatment of multiple myeloma. Both vorinostat and panobinostat have demonstrated some activity against multiple myeloma, and due to the benefits reported with panobinostat, the U.S. Food and Drug Administration has recently approved the drug for the treatment of relapsed and refractory multiple myeloma. In this article, we describe the pharmacology, efficacy, and toxicity profile of vorinostat and panobinostat and their possible place in therapy.
and proteasome inhibitors, such as bortezomib and carfilzomib, have revolutionized the management of MM. These drugs, especially in combination, have impressive outcomes in front-line, relapsed, and refractory settings and have become the cornerstones of therapy. Despite these advances, there is no established curative therapy available for patients diagnosed with multiple myeloma. Indeed, most patients eventually relapse and, unfortunately, will subsequently die from their disease. Relapsed MM meets the criteria for progression of disease and requires new therapy after an initial response. In contrast, relapsed and refractory MM (RRMM) is defined as disease that is unresponsive to salvage therapy and progresses on treatment or within 60 days of the last therapy in patients who achieved a minimal response (MR) before progression of disease. 3 A median overall survival of 9 months and event-free survival of 5 months is observed in patients who are relapsed and refractory following IMID and bortezomib therapy. 4 Clearly, novel strategies to treat RRMM are warranted.
HDAC Inhibitors
Epigenetics is defined as the alteration in gene expression without direct impact on genetic sequence. There are two primary epigenetic modifications that drive oncologic processes: DNA methylation and histone modification. 5, 6 Histones are the major protein component of chromatin that, when complexed with DNA, form nucleosomes. Amino acid terminal ends of histones are subject to modification via a variety of epigenetic changes, including acetylation, phosphorylation, ubiquitylation, and sumoylation. Gene expression via histones is regulated by the opposing functionality of histone acetyl transferases and histone deacetylases (HDACs). This occurs by the addition or elimination of acetyl groups at the lysine terminal residue of the histone. Acetylation of the terminus results in neutralization of electrostatic charge, creating an open, relaxed state of chromatin. In contrast, deacetylation yields a condensed form of chromatin, which limits transcription factor binding, thus silencing important facets of cancer cell development and survival. [5] [6] [7] There are 18 individually identified HDAC enzymes, divided into four classes based on the structural similarity to yeast proteins and location within the cell (Table 1) . Inhibitors of HDAC are broken down into several individual classes based on chemical structure that include short-chain fatty acids, hydroxamic acids, benzamides, cyclic peptides, and electrophilic peptides, which inhibit HDACs at various concentrations (Table 2) . 8 Despite the primary proposed activity on histone proteins, it has since been discovered that deacetylation occurs on a large variety of enzymes and cellular proteins. Several critical enzymes to cancer growth and survival are targeted by deacetylases, including α-tubulin, p53, steroid receptors, Bcl-6, Hsp90, and HIF-1. 6, [8] [9] [10] [11] [12] As an example, preclinical data showed that exposure to panobinostat resulted in transcriptional changes in 1120 total genes, highlighting the vast impact of these agents on cell development, proliferation, and survival. 13 
Upregulation of Factors that Block Cell Cycle Promotion (p21)
The cell cycle in malignant cells is mediated via cyclins and cyclin-dependent kinases (CDKs), as well as their inhibitors, including p16, p21, and p27. 14 Phosphorylation of the retinoblastoma protein (pRB), mediated by interleukin-6 and CDKs appears to be fundamental to MM cell growth. 15 All HDAC inhibitors produce cell cycle arrest in the G1/S phase secondary to impact on cell cycle-dependent cyclins and CDK, and subsequent accumulation of cells in the G0/G1 phase. Early preclinical data with vorinostat revealed growth arrest as a result of increased levels of p21 and p53, phosphorylation of pRB and cell cycle arrest, in addition to decreased levels of cyclin D1 and CDK4.
Regulation of Proapoptotic and Antiapoptotic Proteins and Caspase-Mediated Direct Toxicity
Apoptosis of cancer cells can be driven by a family of death-inducing proteases, termed caspases, which are activated and then execute cell death via a proteolytic cascade. 16 HDAC inhibitors have been shown to impact both the intrinsic and extrinsic pathways of caspasemediated apoptosis, by affecting translocation of mitochondrial proteins, cytochrome-c and APAF-1, upregulation of APAF-1, and cleaving of caspases 3 and 9. 12 Down-regulation of intrinsic caspase activity and antiapoptotic survival mechanisms are mediated via the BCL-2 family of proteins. Members of this family regulate permeability transition pore (PTP) to block mitochondrial exit of cytochrome-c and activation of procaspases via complex formation with APAF-1. Proapoptotic factors allow for PTP opening, cytochrome-c release, and complex formation with antiapoptotic proteins, thus inhibiting their activity. MM cells exhibit high expression of BCL-2 and BCL-xL, which results in chemotherapy resistance. Upregulation of proapoptotic proteins has been demonstrated with panobinostat, romidepsin, and entinostat. 8 Unfortunately, vorinostat preclinical data suggest that inherent elevated levels of BCL-2 within myeloma cell lines may overcome the proapoptotic effects and lead to continued cell proliferation. 15 Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) in combination with HDAC inhibitors was able to induce apoptosis in myeloma cell lines via extrinsic caspase activity. 17 TRAIL induces apoptosis via crosslinking to death receptors DR4 and DR5, yielding recruitment of adapter proteins and activation of extrinsic caspase via a deathinducing signal complex. HDAC inhibitors significantly augmented the TRAIL response via upregulation of DR4/5.
Aggresome Pathway and Synergy with Proteasome Inhibitors
HDAC and proteasome inhibitors have demonstrated greater efficacy when used in combination in clinical trials. The mechanisms of action of both drug classes in MM are associated with alterations in protein degradation pathways, which are vital for MM cell survival. Studies have identified multiple mechanisms for synergy including enhanced cytochrome-c release, caspase and PARP cleavage, and inactivation of nuclear factor-κ B. 18 However, the most understood model for the synergy between proteasome inhibitors and HDAC inhibitors is the dual inhibition of the proteasome and aggresome pathways ( Figure  1 ). 19 Proteasome inhibition causes accumulation of intracellular misfolded and/or unfolded proteins, which triggers the unfolded protein response signaling pathway to protect cells against cellular stress. A functional unfolded protein response is critical for the survival of MM cells due to the overproduction of immunoglobulins. 20, 21 Recent studies have demonstrated that the aggresomes provide an alternative pathway for metabolism of misfolded proteins and develop when production of misfolded ubiquitinated proteins exceeds the capacity of proteasome to degrade them. Therefore, targeting both the proteasome with bortezomib and the aggresome with HDAC inhibitors, such as panobinostat, in the tumor cells will induce greater accumulation of polyubiquitinated proteins, resulting in increased cellular stress and apoptosis. 22 
Vorinostat

Pharmacology and Pharmacokinetics
Vorinostat, otherwise known as suberoylanilide hydroxamic acid, is an oral nonselective class I and class II HDAC inhibitor that is US Food and Drug Administration (FDA) approved for the treatment of relapsed or refractory cutaneous T-cell lymphoma at a dosage of 400 mg once/day. 8 , 23 In recent years, vorinostat has shown promise in the treatment of MM in combination therapy and has been studied at dosages up to 800 mg once/day.
Initial studies showed that sex, race, and age did not significantly affect the pharmacokinetics of vorinostat, Because renal clearance of vorinostat does not play a major role in its elimination (< 1% is excreted unchanged in the urine), there are no dose adjustments necessary in patients with renal insufficiency. 8 Vorinostat is hepatically metabolized via glucuronidation and hydrolysis followed by β-oxidation. The impact of hepatic insufficiency was evaluated and pharmacokinetic data demonstrated that the mean area under the curve (AUC) increases by 50% compared with the mean AUC in those with normal hepatic function. 8 Recommended dose adjustments for mild-moderate impairment (bilirubin 1-3 times the upper limits of normal [ULN] or AST >ULN) and for severe impairment (bilirubin >3 times the ULN) are 300 mg/day and 100-200 mg/day, respectively. 23 Although in vitro analysis of UGT enzyme activity has suggested a 45% decrease in glucuronidation activity in patients homozygous for UGT2B17*2, other studies were able to conclude that this difference was acceptable and no dose adjustments are necessary for those patients. 25 The absolute oral bioavailability of vorinostat is approximately 43% when fasting. When taken with a high-fat meal, there was a 38% increase in AUC with a decrease in the rate of absorption causing a nearly 2.5-hour delay in the T max . 24, 26 For this reason, it is recommended that vorinostat be taken with food.
Unlike other HDAC inhibitors, vorinostat has limited drug interactions. In vitro studies assessing drug interaction potential have shown that at clinically relevant doses, vorinostat does not act as an inhibitor or inducer on any cytochrome P450 (CYP) enzymes; simultaneously its metabolism is not mediated via the CYP enzymes or P-glycoprotein. 24, 26 Inducers and inhibitors of glucuronidation and hydrolysis may potentially affect vorinostat pharmacokinetics; however, due to the number of UGTs involved in its metabolism, a strong inhibitor on any one pathway is unlikely to result in a clinically meaningful effect. 24 
Clinical Trials
Based on promising preclinical observations, vorinostat has been combined with proteasome inhibitors and IMIDs as well as conventional chemotherapy in RRMM. 9, 27 The ability of vorinostat to act as a chemosensitizer by suppressing DNA synthesis and inducing downregulation of caspase inhibitors helps explain its role in enhancing the antitumor activity when combined with conventional chemotherapeutic agents or IMID therapy. 9, 27 Table 3 summarizes the vorinostat clinical trials in MM. In a phase I trial, 20 RRMM patients were treated with combination of vorinostat, bortezomib, and pegylated liposomal doxorubicin. Of these patients, 61% achieved a partial response (PR) or greater, and of those that did respond, all had received prior IMIDs, 65% had prior bortezomib therapy, and 50% had prior anthracycline therapy. 9, 32 Another phase I trial looked at the addition of vorinostat (at a dosage of 300-400 mg/day on a 7-days-on/7-days-off schedule in a 28-day cycle) to lenalidomide and dexamethasone therapy and found that 47% of patients had achieved a PR or greater. 29 Of that population, 31% had previously received lenalidomide therapy. 29 The combination of vorinostat with bortezomib in patients with RRMM has been extensively studied. A phase I dose escalation trial evaluated vorinostat at doses of 100-500 mg/day for 8 days of each 21-day cycle and bortezomib 1-1.3 mg/m 2 intravenous (IV) on days 1, 4, 8, and 11 in RRMM patients who had received at least three prior lines of therapy. Of the 21 patients who were evaluated, 2 achieved a very good partial response (VGPR), 7 achieved a PR, and 10 patients showed stable disease (SD). In the nine patients who were considered bortezomib refractory, three patients achieved a PR and four showed signs of SD. 30 The VANTAGE 095 was a global phase IIb trial that studied the combination of bortezomib and vorinostat in 143 patients who had received a median of four prior lines of treatment. The overall response rate (ORR) was 17% with a median duration of response (DOR) of 6.3 months. The median progression-free survival (PFS) was 3.13 (95% confidence interval [CI] 2.4-4.3), and the overall survival (OS) was 11.2 months (95% CI 8.5-14.4) with a 2-year OS rate of 32%. A vorinostat dosage of 400 mg/day on days 1-14 of a 21-day cycle was well tolerated, with 27% of patients being able to complete at least eight cycles of therapy. 34 These results led to the phase III VANTAGE 088 trial, which randomized 635 bortezomibnaive patients to receive either bortezomib alone or bortezomib in combination with vorinostat at the previously mentioned dose. The median PFS was 7.63 months (95% CI 6.87-8.4) in the bortezomib-plus-vorinostat group in comparison to 6.83 months (95% CI 5.67-7.73) in the bortezomib-alone arm (p=0.01, hazard ratio [HR] 0.77, 95% CI 0.64-0.94). 35 Median time to progression (TTP) was longer in the bortezomib-plus-vorinostat group (7.73 months) versus the placebo group (7.03 months) (p=0.0184, HR 0.79, 95% CI 0.64-0.94). Median follow-up for OS was 14.2 months for both groups. It is important to note that neither VANTAGE 095 nor VANTAGE 088 included dexamethasone in their regimen, which is a main component to all MM regimens, and this may therefore have affected the results. 34, 35 At this time, researchers are continuing to evaluate the efficacy of vorinostat efficacy in combination with other myeloma agents, but its pharmaceutical manufacturer is no longer pursuing an FDA indication for MM. Despite the small difference in PFS and no difference in OS, vorinostat can be prescribed off-label and is listed in the National Comprehensive Cancer Network guidelines as a treatment option in patients with RRMM.
Safety of Vorinostat
Vorinostat has been shown to cause gastrointestinal, constitutional, and hematologic adverse events that are mainly grade 2 or less. 28 The most common gastrointestinal side effects include diarrhea, nausea, dysgeusia, weight loss, and vomiting. Fatigue and anorexia are the most common constitutional adverse events reported in trials. 28, 34, 35 In terms of hematologic side effects, the phase I trial that combined vorinostat, bortezomib, and pegylated liposomal doxorubicin found the DLT to be grade 4 thrombocytopenia and was seen in two of six patients. This led to an amendment in cohort and dosing schedule modification to give vorinostat 400 mg/day only on days 4-11. 28, 32 In the phase 2 trial, the hematologic side effects included anemia (30%), neutropenia (17%) and thrombocytopenia (52%), which were reversible with no bleeding or life-threatening infections. 35 Vorinostat also increased the risk of grade 3 thrombocytopenia compared with placebo when combined with bortezomib. Most hematologic adverse events rapidly recovered within 2-3 weeks following an intervention ranging from dose modification, dose holiday, or discontinuation. 34 Despite a higher frequency of adverse events with vorinostat in the phase 3 trial, the median exposure of the study treatment was longer in the vorinostat group. Patients completed a median of seven cycles in the vorinostat arm in comparison to six cycles in the placebo arm. The authors concluded that the adverse events were manageable and could be tolerated enough to continue receiving therapy. 35 There are conflicting reports as to whether QTc prolongation is seen in patients treated with vorinostat. 30, 36 In one trial, vorinostat appeared to have little effect on the QTc interval. 36 However, in one of the phase I trials, prolongation of the QTc was noted in 9 of 23 patients (grade 1 in 7 patients and grade 2 in 2 patients). 30 None of the patients had a prior history of arrhythmias or cardiac disease or were taking concomitant medications that would have put them at a higher risk. Currently, vorinostat does not carry any warnings or precautions related to QTc prolongation.
Panobinostat Pharmacology and Pharmacokinetics
Panobinostat is a potent oral pan-deacetylase inhibitor with activity against all class I, II, and IV histone deacetylase enzymes (including HDAC-6, which is a key component of the aggresome pathway IC 50 values of panobinostat were lower than those for vorinostat, belinostat, and mocetinostat, with a 10-fold greater potency compared with vorinostat). 37 On February 2015, the FDA granted accelerated approval to panobinostat in patients with MM who have at least received two prior regimens. The approved dosing for patients with MM is 20 mg orally every other day for 3 doses (i.e., Monday-Wednesday-Friday) during weeks 1 and 2 in a 21-day cycle (in combination with bortezomib and dexamethasone).
Treatment can be continued for up to eight cycles at the same dosing if tolerated and if there is clinical benefit. 38 Panobinostat pharmacokinetics are linear and time dependent. 37 Peak concentrations are seen within 2 hours of administration, with drug clearance consisting of 29-51% excreted in the urine and 44-77% excreted in the feces. Initial pharmacokinetic studies showed that sex, race, age, and body surface area did not affect panobinostat clearance. The metabolism of panobinostat is complex and involves multiple pathways, including reduction, hydrolysis, oxidation, and glucuronidation. The oxidation metabolism of panobinostat is mediated by human CYP via CYP3A4 (70-98%) with minor involvement of CYP2D6 and CYP2C19. 39 In a clinical trial evaluating the effect of ketoconazole (a potent CYP3A4 inhibitor) on the pharmacokinetics and safety of panobinostat, it was demonstrated that the C max and AUC of panobinostat increased by 1.6-and 1.8-fold, respectively, without a change in T max and halflife. 40 Therefore, if the combination with a strong CYP3A4 inhibitor is unavoidable, dose reduction to 10 mg is recommended. Due to their inherent CYP3A inhibitory effects, star fruit, pomegranate, and grapefruit should be avoided in patients on panobinostat therapy. There is limited evidence demonstrating the influence of inhibitors and inducers of glucuronidation on the concentration of panobinostat, but clinicians should take this into consideration while prescribing and monitoring patients.
The absolute oral bioavailability of panobinostat is approximately 21%. Food produced minor changes in drug exposure specifically oral bioavailability and systemic absorption, but C max was reduced and T max was slightly prolonged after food intake. Thus, panobinostat can be given without regard to food intake. However, it was shown that nausea and vomiting appeared less common in patients after a high-fat meal compared with after a low-fat meal or with an empty stomach. 41 Table 4 summarizes the major clinical trials evaluating oral panobinostat. The initial phase I trials assessing panobinostat monotherapy were carried out in solid and hematologic malignancies using an IV formulation. 42, 43 In early studies, grade 3 QTc prolongation and cardiac arrhythmias were reported with IV panobinostat administered once daily on days 1-7 and therefore the IV formulation was discontinued. 44 However, this type of cardiac toxicity seems to occur more frequently when HDAC inhibitors are delivered IV on consecutive days, which was also seen with belinostat (another HDAC inhibitor). Because of their pharmacokinetic differences (higher C max and AUC with IV formulation), the oral formulation was evaluated. 44 The safety and efficacy of oral panobinostat were studied in a phase Ia/II study in patients with hematologic malignancies, including MM. 45 In this trial, panobinostat was given as a single agent on a Monday-Wednesday-Friday schedule every week or every other week. The maximum tolerated dose (MTD) was dependent on the malignancy and treatment schedule. The response rates showed 1 of the 12 MM patients with a PR. After this trial, single agent panobinostat was evaluated at a dosage of 20 mg 3 times/week for 2 weeks for a 21-day cycle in heavily pretreated RRMM patients. However, the results of the single agent trials were again very modest (one PR and one MR). 46 Due to limited activity as a single agent, subsequent studies focused on combination therapies.
Clinical Trials
Combination studies of panobinostat with proteasome inhibitors have been the most promising. One of the earliest trials was a phase Ib trial where panobinostat was given 3 times/week for 3 weeks along with bortezomib in a 21-day cycle. The panobinostat MTD found in the trial was 20 mg. In the expansion phase, panobinostat was given 3 times/week for only 2 weeks to allow for count recovery, and dexamethasone was added starting with cycle 2 at a dose of 20 mg with each bortezomib dose. The ORRs for the dose escalation and dose expansion were 73.3% and 52.9%, respectively. It is important to note that among the bortezomib-refractory patients, the ORR was 26.3% and 42.1% had at least an MR. 47 PANORAMA 2 was a phase II single-arm trial that evaluated panobinostat, bortezomib, and dexamethasone in heavily pretreated/bortezomib refractory patients with a median of four prior lines of therapy. In this two-stage trial, panobinostat, bortezomib, and dexamethasone were administered in the first stage as a 21-day schedule for a total of eight cycles. Only patients who showed clinical benefit proceeded to the second stage of the trial where the combination was given as a 6-week cycle. The ORR was 34.5%, median PFS was 5.4 months (95% CI 2.6-6.7 mo), and median OS was 17.5 months. 48 The phase III multicenter randomized placebo-controlled trial, PANORAMA 1, compared bortezomib/dexamethasone to combination panobinostat, bortezomib, and dexamethasone in RRMM patients who had received one to three prior regimens. 49 The other treatment groups received bortezomib IV biweekly, dexamethasone orally on the day of and day after bortezomib plus placebo, or panobinostat. The ORR was not statistically significant when comparing the 2 groups (60.7% vs 54.6%, p=0.09). However, the proportion of patients who achieved a complete remission (CR) or near CR was significantly higher in the patients that received panobinostat (27.6% vs 15.6% p=0.00006). Median PFS was significantly longer in the panobinostat group compared with the placebo group (11.99 vs 8.08 mo; p<0.001, HR 0.63, 95% CI 0.52-0.76). The median OS was not statistically significant (33.64 vs 30.39 mo; p=0.26, HR 0.87, 95% CI 0.69-1.10). 49 The promising results of these trials led to studies evaluating panobinostat in combination with carfilzomib. In the phase I/II trial that combined panobinostat and carfilzomib in the treatment of RRMM with a median of five lines of prior therapy, a standard 3 + 3 dose escalation design was used to determine dose-limiting toxicities (DLTs). Panobinostat was administered 3 times every other week for 3 weeks and carfilzomib was administered on days 1, 2, 8, 9, 15, and 16 in a 28-day cycle. There were no DLTs identified in this trial. At 24 months, the ORR was 67% (33% PR and 33% VGPR) and median PFS at 7.7 months (95% CI 4.4-16.8) and OS was 67% (95% CI 0.48-0.79). 50 Panobinostat in combination with lenalidomide and dexamethasone has also been evaluated. A phase Ib study assessed the combination of panobinostat given with lenalidomide and pulse dexamethasone in a 28-day cycle. 51 The MTD for panobinostat was 20 mg in this combination. Of the 30 patients evaluated for response in the trial, 17 showed response (1 sCR (stringent complete remission), 1 CRs, 7 VGPRs, and 8 PRs). In the phase II trial evaluating the combination, modifications in dosages were done where panobinostat was given at 20 mg 3 times weekly only every other week (instead of weekly) and dexamethasone was given as 40 mg weekly (instead of four-day pulse dexamethasone given as 40 mg on days 1-4, days 9-12 and days [17] [18] [19] [20] . Of the 13 patients evaluated, there were 3 VGPRs, 2 PRs, 3 MRs, and 4 SDs and 1 progression of disease for an ORR of 38%. In the trial, three patients who were lenalidomide refractory remained on treatment for up to 16 months including two patients with gain 1q21 that have attained VGPRs. 52 Finally, panobinostat has been combined with the alkylating agent melphalan and evaluated in the relapsed and refractory setting. In a phase I/II trial, the combination was studied and the dosing and schedule were modified 3 times during the trial due to tolerability issues. 54 The MTD was found to be 20 mg for panobinostat and 0.05 mg/kg for melphalan (both given on days 1, 3, and 5 in a 28-day cycle). However, efficacy and toxicities seem to be directly correlated; therefore, even though the MTD found was tolerated, no responses were seen at that dose. Soon after, another phase II trial was attempted combining oral melphalan-prednisone-thalidomide and panobinostat for a 28-day cycle. 53 The ORR was 38.5%, but there was no panobinostat dose found to be safe with melphalan-prednisonethalidomide at this dosing schedule due to high rate of DLTs. Therefore, it is important to note that panobinostat in combination with melphalan is both toxic and ineffective.
Safety of Panobinostat
In all panobinostat clinical trials, the most common adverse events were thrombocytopenia, neutropenia, anemia, diarrhea, and fatigue regardless of the disease targeted. Thrombocytopenia is the most common DLT and hematologic toxicity (with 64-98% of patients experiencing any grade thrombocytopenia). 48, 49 It usually results in a platelet nadir during the second week of therapy and is self-limited with a rebound to near-baseline platelet levels during the week off treatment. Thrombocytopenia induced by HDAC inhibitors is a class effect seen with vorinostat and results in reversible inhibition of maturation of megakaryocytes and the related release of proplatelets. 55 In the PANORAMA 1 trial, the median platelet counts recovered to baseline levels at the beginning of each cycle. 49 Thrombocytopenia was managed with platelet transfusions and dose reductions or interruption of panobinostat. [47] [48] [49] Clinical trials with panobinostat have also reported grade 3-4 hemorrhage at low frequencies (4% in PANORAMA 1, which have resulted in five deaths). 49 Diarrhea is one of the most common non-hematologic toxicities documented with panobinostat. In the PANORAMA 2 trial, there were 71% of patients who experienced allgrade diarrhea, of which 20% was grade 3/4. In PANORAMA 1, 68% had all-grade diarrhea (those included 25% grade 3/4), which led to 4% of the patients discontinuing the drug. 48, 49 Therefore, panobinostat has a black box warning for severe diarrhea. The onset of diarrhea can occur at any time, so patients need to be monitored closely for hydration status and electrolyte abnormalities. Antimotility agents need to be implemented at the onset of diarrhea. 38 In regard to cardiac toxicities, panobinostat has been reported to cause hypokalemia and hypocalcemia, which can lead to or worsen QTc prolongation. 38 In pharmacokinetic studies, it was thought that BJB432-the metabolite of panobinostat-might be a potential cause for the QT prolongation, although this has not been confirmed. 46 Despite the lower risk of QT prolongation with the oral formulation, there were T-wave changes and ST-T segment changes with panobinostat in the phase III trial, but all patients seemed to be asymptomatic. 49 However, the medication has a black box warning for cardiac ischemic events, including arrhythmias and ECG changes. 38 Panobinostat should not be initiated in patients who have a baseline QTc of greater than 450 msec or a history of recent myocardial infarction or unstable angina. Concomitant QTc-prolonging agents should also be avoided. 38 
Other HDAC Inhibitors and Novel Agents
Other HDAC inhibitors have also been evaluated in MM. Romidepsin has been studied in a phase II trial of 12 patients with RRMM. Although no objective response was achieved, 4 of 12 patients with secretory MM showed evidence of M protein stabilization. 56 When used in combination with bortezomib and dexamethasone, 25 patients with RRMM who had received one prior therapy achieved more promising results. In this cohort, 18 of 25 patients achieved an objective response (2 CRs, 13 PRs, and 7 VGPRs). The MTD of romidepsin was 10 mg/m 2 on days 1, 8, and 15 every 28 days with a median of five cycles administered. 57 Belinostat, another novel HDAC inhibitor, has also been investigated in combination therapy with bortezomib or dexamethasone. A phase I dose-escalation study enrolled 16 patients with advanced hematologic malignancies refractory to standard therapy and a median of four prior chemotherapy regimens. 58 Four of the 16 patients carried an MM diagnosis; escalating cohorts were administered belinostat as a 30-minute infusion on days 1-5, and study doses were 600, 900, and 1000 mg/m 2 /day. An MTD of 1000 mg/m 2 /d was demonstrated in solid tumor patients in a parallel study. The most common side effects were nausea (50%), vomiting (31%), fatigue (31%), and flushing (31%). In the MM patients, two grade 4 renal failure events occurred with metabolic abnormalities consistent with tumor lysis syndrome. 59 Two phase II belinostat combination trials have been conducted to date in patients with RRMM. The first trial, which assessed belinostat in combination with bortezomib, was terminated due to DLTs when two of the first four patients treated developed acute renal insufficiency during the first cycle. 60 The second study was conducted in patients who had failed two prior therapies. In this study, belinostat 1000 mg/m 2 /day was tested either as monotherapy on days 1-5 in a 21-day cycle or in combination with dexamethasone. 61 Of the 24 patients enrolled, 12 patients were evaluable. These patients had received a median of four cycles; six of these patients went on to receive belinostat plus dexamethasone. In the monotherapy group, six SDs and six progressions of disease were recorded; in the combination group, one patient had an MR and five had SD. Grade 3/4 events reported included anemia in two patients, infection, respiratory distress, thrombocytopenia, hyperglycemia, and fatigue.
To minimize toxicity seen with the use of pan-deacetylase inhibitors and to maintain efficacy, a more specific histone deacetylase-6 (HDAC-6) inhibitor known as rocilinostat (ACY-1215) is currently under investigation. HDAC-6 is a class IIb cytoplasmic HDAC responsible for shuttling ubiquinated proteins to the aggresome for degradation. 62 This oral agent has shown activity in preclinical models as a single agent and in combination with bortezomib. There are three ongoing phase I dose-finding clinical trials evaluating the use of rocilinostat in combination with lenalidomide and dexamethasone, pomalidomide and dexamethasone, or bortezomib and dexamethasone, respectively. 62, 63 Similarly, AR-42, another orally bioavailable phenylbutyrate-based class I/II HDAC inhibitor, is currently under investigation as a therapeutic agent in several malignancies, including multiple myeloma. In vitro and in vivo studies report significant antitumor activity with higher potency compared with vorinostat. Potential mechanisms of action include suppression of gp-130 and STAT3 activation. Downstream signaling factors BcL-xL and cyclin D1 were also downregulated, leading to G1/G2 cell cycle arrest and apoptosis. 64 
Histone Deacetylase Inhibitors Role in Therapy
The introduction of novel agents has dramatically improved outcomes for patients with RRMM. However, there is no established curative therapy for patients diagnosed with MM. Consequently, most patients with MM ultimately relapse and have a limited duration of response. The choice of salvage therapy is affected by several considerations such as initial therapy, degree and duration of response to primary therapy, age, performance status, and previous toxicities. New strategies such as next-generation proteasome inhibitors and IMIDs are currently part of the treatment paradigm. Other agents with different mechanisms of action, such as histone deacetylators, monoclonal antibodies, and small molecule inhibitors, are also being considered. 58 Due to their role in tumorigenesis, HDACs have been considered a therapeutic target that could prove efficacious in numerous hematologic malignancies. Currently, only four HDAC inhibitors have been approved by the FDA-romidepsin, vorinostat, and belinostat for T-cell lymphomas and, most recently, panobinostat for MM.
Both vorinostat and panobinostat have demonstrated minimal single-agent activity in refractory MM. The combination of vorinostat, bortezomib, and dexamethasone in patients with bortezomib-sensitive RRMM showed a minimal increase in PFS compared with placebo. Panobinostat combined with bortezomib and dexamethasone has shown greater activity specifically in patients with heavily pretreated or bortezomib-refractory disease as reported in PANORAMA 2 and PANORAMA 1, respectively. Interestingly, there was a clinically meaningful improvement in median PFS but no difference in ORR when the threedrug combination was compared with bortezomib and dexamethasone. However, in these clinical trials there was a high incidence of toxicities, specifically thrombocytopenia and diarrhea, which prevented some patients from continuing therapy. There was also a high incidence of peripheral neuropathy (15% and 27.3%), which may have been due to the route and schedule of the bortezomib (IV and twice/week dosing). Therefore, although quality-oflife data are not yet available, panobinostat is likely to affect quality of life in a substantial subset of patients (specifically in the 25% of patients that experience grade 3/4 diarrhea). Another barrier to using panobinostat is the possibility of cardiac toxicities associated with this medication, including QTc prolongation, arrhythmias, T-wave changes-all of which may be a concern in a predominantly elderly MM patient population. Therefore, patients' past medical history, comorbidities, home medications, and performance status will play a major role in whether they are candidates for this combination therapy. Nevertheless, because most MM patients ultimately relapse, the availability of alternative treatment options is an advantage.
Currently, other combination strategies evaluating the use of panobinostat with other proteasome inhibitors (carfilzomib/ixazomib) and IMIDs are being undertaken (Table 5) . Further trials are needed to evaluate whether other treatment combinations including ixazomib and monoclonal antibodies such as daratumumab and elotuzumab are better tolerated with improved efficacy. This is important since MM is heterogeneous, associated with complex gene abnormalities, and multiple signaling aberrations. Therefore, combining various medications with different mechanisms of action is still key for MM treatment by targeting not only the MM cells but also the tumor microenvironment. Until the optimal dosing and treatment combination is found, vorinostat and panobinostat in combination with bortezomib will be used in RRMM in patients who are not eligible for clinical trials and thought to be able to tolerate the treatment.
Conclusion
In this article, we discussed the use of HDAC inhibitors, specifically vorinostat and panobinostat, for the treatment of MM, which still remains incurable with current therapeutic options. Both agents, mainly in combination with a proteasome inhibitor, have demonstrated some activity in RRMM. The combination of panobinostat, bortezomib, and dexamethasone has shown promise with an improvement in PFS compared with placebo and was approved by FDA in February 2015. However, the main concern with this agent is its associated toxicities. Therefore, further research evaluating treatment combinations and different dosing schedules is needed to optimize efficacy and minimize toxicity. Aggresome pathway and synergy with proteasome inhibitors. Unfolded and/or misfolded proteins are targeted by ubiquitin to proceed to the proteasome and aggresome pathways for degradation. Inhibiting the proteasome pathways with inhibitors such as bortezomib or carfilzomib would lead to accumulation of ubiquitin protein aggregates which are then shuttled to the lysosome to be degraded via the aggresome pathway. In the aggresome pathway, the protein aggregates are moved via microtubules by using dynein motor proteins. The protein aggregate/microtubule complex is facilitated by HDAC-6 (a histone deacetylase enzyme that belongs to class IIb). Therefore, if the histone deactylase (HDAC) is blocked by giving an HDAC inhibitor (with a proteasome inhibitor) then further ubiquitin protein aggregates will accumulate resulting in cellular apoptosis. *Accrual stopped early secondary to toxicities CR = complete response; D = day(s); DLT = dose-limiting toxicities; IV = intravenously; MM = multiple myeloma; MR = minimal response; MTD = maximum tolerated dose; nCR = near complete response; ORR = overall response rate; OS = overall survival; PFS = progression-free survival; PO = by mouth; PR = partial response; RRMM = relapsed refractory multiple myeloma; TTP = time to progression; VGPR = very good partial response; wk = week.
